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(54) Stenciling phosphor layers on light emitting diodes 



(57) A method for forming a luminescent layer on a 
light emitting semiconductor device includes positioning 
a stencil on a substrate such that a light emitting semi- 
conductor device disposed on the substrate is located 
within an opening in the stencil, depositing a stenciling 
composition including luminescent material in the open- 
ing, removing the stencil from the substrate, and curing 
the stenciling composition to a solid state. The resulting 



light emitting device includes a stack of layers including 
semiconductor layers comprising an active region and 
a luminescent material containing layer having a sub- 
stantially uniform thicl<ness disposed around at least a 
portion of the stack. A surface of the luminescent mate- 
rial containing" layer not adjacent to the stack substan- 
tially conforms to a shape of the stack. In one embodi- 
ment, the light emitting device emits white light in a uni- 
formly white spatial profile. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0001] The present invention relates generally to light . 
emitting devices and more particularly to light emitting 
diodes using phosphors. 

2. Description of the Related Art 

[0002] Blue light emitting diodes (LEDs) are used with 
luminescent materials (phosphors) to produce light 
emitting devices which emit apparently white light. U.S. 
Patents 5,81 3,753 and 5,998,925. for example, disclose 
light emitting devices in which a blue LED Is disposed 
in a reflective cup and surrounded by material including 
phosphors. A portion of the blue lighl emitted by the LED 
-is absorbed by the phosphors, which in response emit 
red and green light. The combination of the unabsorbed 
blue light emitted by the LED and the red and the green 
light emitted by the phosphors can appear white to the 
human eye. Unfortunately such conventionally phos- 
phor surrounded LEDs frequently emit white light in a 
central cone surrounded by annular rings of yellow and 
blue light, rather than emit light In a uniformly white spa- 
tial profite. 

[0003] Lowery U.S. Patent 5,959,316, incorporated 
herein by reference, discloses that such annular rings 
of blue and yellow tight can result from nonunifonnity in 
the thickness of the phosphor containing materiar sur- 
rounding the LED and consequent spatially nonuniform 
absorption of blue light and emission of red and green 
light. In particular, thick regions of phosphor containing 
material absorb more blue light and emit more red and 
green light than do thin regions of phosphor containing 
material. The thick regions thus tend to appear yellow, 
and the thin regions tend to appear blue. Lowery also 
discloses that deposition of a transparent spacer over 
and around the LED prior to deposition of a unlfomn 
thickness of phosphor containing material can eliminate 
the annular rings in the emission profile. However, sur- 
face tension makes the shape and thickness of the 
phosphor containing material, typically deposited as a 
liquid or paste (solids dispersed in a liquid), difficult to 
control. 

[0004] What is needed is a method for uniformly coat- 
ing an LED with phosphor containing material. 

SUMMARY 

[0005] A method for forming a luminescent layer on a 
light emitting semiconductor device includes positioning 
a stencil on a substrate such that a light emitting semi- 
conductor device disposed on the substrate is located 
within an opening in the stencil, depositing a stenciling 
composition including luminescent material in the open- 



ing, removing the stencil from the substrate, and curing 
the stenciling composition to a solid state. In one em- 
bodiment, the shape of the opening in the stencil sub- 
stantially confonms to the shape of the light emitting 

5 semiconductor device, the depth of the opening is about 
equal to a sum of a height of the light emitting semicon- 
ductor device and a thickness of the luminescent layer, 
and a width of the opening is about equal to a sum of a 
width of the light emitting ^semiconductor device and 

10 twice a thickness of the luminescent layer. 

[0006] In one enibodlment, the stencil is positioned 
such that each one of a plurality of light emitting semi- 
conductor devices disposed on the substrate is located 
within a corresponding one of a plurality of openings in 

75 the stencil. Stenciling composition is deposited in each 
of the openings. 

[0007] Luminescent layers are formed on light emit- 
ting semiconductor devices without contaminating adja- 
cent areas of the substrate and without completely cov- 

20 ering, for example, substrate electrical contacts. Thus, 
wire bonding of such contacts can occur subsequent to 
the formation of the luminescent layers. In addition, 
since many light emitting devices can be disposed on a 
single substrate and simultaneously stenciled with lumi- 

25 nascent material containing layers, this method results 
in a high throughput and is thus cost effective. 
[0008] In one embodiment, the luminescent stenciling 
composition includes phosphor particles and silica par- 
ticles dispersed in an optically clear silicone polymer 

30 which can be cured by heat or lighl. Preferably, the un- 
cured silicone polymer has a viscosity between about 
1000 centistokes and 20000 centistokes and the silica 
particles are fumed silica particles having a surface area 
per unit mass greater than about 90 m^/g. The silica par- 

35 tides employed In this embodiment impart thixotropic 
properties to the luminescent stenciling composition. As 
a result, a layer formed from the uncured luminescent 
stenciling composition retains Its shape after stenciling 
without collapsing or slumping. Once cured to a solid 

40 state, a layer fomned from the luminescent stenciling 
composition exhibits sufficient strength to withstand 
subsequent processing of the light emitting semicon- 
ductor device on which it is formed. In addition, a cured 
layer of the luminescent stenciling composition fomned 

45 in accordance with this embodiment Is chemically and 
physically stable at temperatures in excess of 120°C. In 
particular, the cured layer of luminescent stenciling com- 
position will not yellow during prolonged exposure to 
temperatures between about 120"C and about 200"C. 

so [0009] A resulting light emitting device includes a 
stack of layers including semiconductor layers compris- 
ing an active region and a luminescent material contain- 
ing layer having a substantially unifomi thickness dis- 
posed around at least a portion of the stack. A surface 

55 of the luminescent material containing layer not adja- 
cent to the stack substantially conforms to a shape of 
the stack. In one embodiment, the light emitting device 
includes, in addition, an optically transparent layer dis- 
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posed between the luminescent material containing lay- 
er and the stack. 

[0010] In one embodiment, the active region emits 
blue light, and the luminescent material containing layer 
includes phosphors that convert a portion of the blue 
light to light combinable with a remaining portion of the 
blue light to produce white light. In this embodiment, the 
light emitting device emits white light in a uniformly white 
spatial profile/ In particular the yellow and blue annular 
rings of conventionally phosphor surrounded white light 
devices are eliminated. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0011] 

Figure 1 is a schematic diagram of light emitting di- 
odes disposed on a substrate and a corresponding 
slencil In accordance with an embodiment of the 
present invention. 

Figure 2 Is a schematic diagram of a light emitting 
diode to be stenciled with phosphor containing ma- 
terial in accordance with an embodiment of the 
present invention. 

Figures 3A-3C are schematic side views of light 
emitting diodes disposed on a substrate corre- 
sponding to three steps of a stenciling process in 
accordance with an embodiment of the present in- 
vention. 

Figure 4 is a schematic diagram of a light emitting 
diode having a phosphor containing layer In accord- 
ance with an embodiment of the present Invention. 
Figure 5 Illustrates a superposition of a typical 
measured profile of a stenciled phosphor containing 
layer and a profile of a typically oriented flip chip 
geometry tight emitting diode mounted on a sub- 
strate. 

Figure 6 is a schematic diagram of a light emitting 
diode having an optically transparent layer and a 
phosphor containing layer In accordance with an 
embodiment of the present invention. 

DETAILED DESCRIPTION 

[0012] In accordance with one embodiment of the 
present invention, phosphor containing material is sten- 
ciled onto light emitting diodes (LEDs). Refemng to Fig- 
ure 1 , in one embodiment, LEDs 2A-2F are disposed in 
a pattern on a top surface 3 of substrate 4. Though for 
clarity of illustration 6 LEDs are depicted in Figure 1, 
more or fewer than 6 LEDs may be disposed on sub- 
strate 4. Stoncil 6 has atop surface 5, a bottom surface 
7, and openings 8A-8F passing through stencil 6 and 
corresponding in shape to LEDs 2A-2F In one imple- 
mentation, openings 8A-8F are distributed in stencil 6 
in a pattern corresponding to the pattern of LEDs 2A-2F 
on substrate 4. In another implementation, the number 
of openings in stencil 6 is greater than the number of 



4 

LEDs on substrate 4, and a subset of the openings in 
stencil 5 is distributed in a pattern corresponding to the 
pattern of LEDs 2A-2F. Stencil 6 is fonmed, for example, 
from a stainless steel sheet. The thickness of stencil 6 
5 measured perpendicular to its planar surfaces (depth of 
openings 8A-8F) Is equal to the sum of the height of an 
LED 2A-2F measured perpendicular to substrate 4 and 
the approximate desired thickness of a phosphor con- 
taining material to be disposed above LEDs 2A-2F Slm- 

10 ilarly, the length or width of an opening 8A-8F is equal 
to the sum of the corresponding length or width of an 
LED 2A-2F and approximately twice the desired thick- 
ness of phosphor containing material to be disposed 
around LEDs 2A-2F 

'5 [0013] In one embodiment, LEDs 2A-2F are flip-chip 
geometry LEDs such as LED 2A Illustrated in Figure 2. 
Like reference numbers In the various figures designate 
same parts in the various embodiments. LED 2A In- 
cludes a first semiconductor layer 10 of a first conduc- 

20 tivity type and a second semiconductor layer 1 2 of a sec- 
ond conductivity type. Semiconductor layers 10 and 12 
are electrically coupled to active region 1 4. Active region 
14 is, for example, a p-n junction associated with the 
interfacG of layers 1 0 and 12. Alternatively, active region 

25 1 4 includes one or more semiconductor layers that are 
doped n-type or p-type or are undoped. Optional trans- 
parent superstrate 1 6 is disposed on semiconductor lay- 
er 10. Contacts 18 and 20 are electrically coupled to 
semiconductor layers 10 and 12, respectively. Active re- 

30 gion 14 emits light upon application of a suitable voltage 
across contacts 18 and 20. Interconnects 22 and 24 
electrically couple contacts 18 and 20 to substrate con- 
tacts 26 and 28, respectively. 

[0014] In one implementation, semiconductor layers 
35 10 and 12 and active region 14 are fonned from Ill-Ni- 
tride compounds such as AljjInyGa^.jjN compounds, and 
active region 14 emits blue light at a wavelength of, for 
example, about 470 nm. Optional transparent super- 
strate 1 6 is formed, for example, from sapphire or silicon 
40 cartDide. Substrate 4 comprises silicon, for example. 
[0015] Although Figure 2 illustrates a particular LED 
structure, the present invention is independent of the 
number of semiconductor layers in LED 2A and inde- 
pendent of the detailed structure of active region 14. It 
45 should be noted that dimensions of the various elements 
of LED 2A Illustrated in the various figures are not to 
scale. 

[0016] In contrastto flip-chip geometry LEDs, conven- 
tional geometry LEDs typically have one or more wire- 

50 bonds electrically coupling electrodes on the surface of 
the LED facing away from the substrate (the top surface) 
to contacts on the substrate. These wircbonds, which 
are typically fragile, obstruct access to the top surface 
of the LED. Though phosphor containing material can 

55 be stenciled onto such conventional geometry light emit- 
ting diodes in accordance with the present invention, 
care must be taken to avoid damaging the wirebonds. 
Since flip-chip geometry LEDs such as LED 2A in Figure 
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2 lack such wirebond connections to their top surfaces, 
they are more easily stenciled with phosphor containing 
material. 

[0017] Referring again to Figure 1, stencil 6 is posi- 
tioned on substrate 4 such that openings 8A-8F are 
aligned with LEDs 2A-2F and bottom surface 7 of stencil 
6 is in contact with top surface 3 of substrate 4. As shown 
in the side view of stencil 6 positioned on substrate 4 
Illustrated In Figure 3A, LEDs 2A-2C, for example, are 
located approximately centered in corresponding open- 
ings 8A-8C in stencil 6. Next, a curable luminescent 
stenciling composition, such as the phosphor containing 
stenciling composition described below, is disposed in 
openings 8A-8F in stencil 6. In one implementation, the 
stenciling composition is disposed in openings 8A-8F of 
stencil 6 with a metal blade drawn across, surface 5. 
Stencil 6 is then removed from substrate 4, leaving sten- 
ciled phosphor layers, such as phosphor layers 30A- 
30C illustrated in Figures 3B and 3C, disposed over and 
around LEDs 2A-2F. 

^ [0018] In one implementation, the steps of positioning 

stencil 6 on substrate 4, disposing a luminescent sten- 
ciling composition on surface 5 and in openings 8A-8F 
to fomri phosphor layers such as phosphor layers 30A- 
30C on LEDs 2A-2F, and removing stencil 6 from sub- 
strate 4 are perfonned by a conventional high precision 
stenciling machine typically used to stencil solder paste 
onto printed circuit boards. The stenciling machine is, 
for example, an Ultraprint 1500 manufactured by MPM 
Corporation of Franklin. Massachusetts. 
[001 9] After stencil 6 Is removed from substrate 4, the 
phosphor layers on LEDs 2A-2F are cured to a solid 
state by, for example, application of heat or ultraviolet 
radiation. The curing process can involve, for example, 
cross-linking of polymeric material in the phosphor lay- 
ers. In one implementation, LEDs 2A-2C, for example, 
are heated to about 1 00*^0 in a conventional oven for 
about 10 minutes to cure phosphor layers 30A-30C. 
[0020] The resulting LED 2A. for example, having 

[ phosphor layer 30A in accordance with one embodi- 

ment is schematically Illustrated In Figure 4. Phosphor 
layer 30A has a substantially uniform thickness above 
top surface 32 and adjacent to vertical sides 34 and 36 
of LED 2A. Also, top surface 38 and vertical side surfac- 
es 40 and 42 of phosphor layer 30A are substantially 
parallel to top surface 32 and vertical side surfaces 34 
and 36, respectively, of LED 2A. Thus, outer surfaces 
of phosphor layerSOA, such as surfaces 38, 40, and 42, 
substantially conform to the shape of LED 2A. Dimen- 
sions of phosphor layer 30A denoted A and B both range 
from about 50 microns (^m) to about 250 ^.m. 
[0021] After the phosphor layers on LEDs 2A-2F arc 
cured, substrate 4 is sawn or scribed to separate LEDs 
2A-2F into discrete devices (dice). 
[0022] In one embodiment, LEDs 2A-2F having con- 
forming phosphor layers 30A-30F of substantially uni- 
form thickness emit light in a uniformly white spatial pro- 
file. In particular, the yellow and blue annular rings of 



conventionally phosphor surrounded white light devices 
are eliminated. Moreover, phosphor layers 30A-30Fcan 
be disposed on LEDs 2A-2F without contaminating ad- 
jacent areas of substrate 4 and without completely cov- 
5 ering substrate contacts such as contacts 26 and 28 of 
LED 2A. Thus, wire bonding of, for example, contacts 
26 and 28 can occur subsequent to the formation of 
phosphor layer 30A. In.addltion, since many LEDs can 
-^^ be disposed on a single substrate and simultaneously 
10 stenciled with phosphor layers, the stenciling process 
described above is a high-throughput and cost effective 
process. 

[0023] The phosphor layers on LEDs 2A-2F mustsub- 
stantially retain their stenciled shapes, without collaps- 
es ing or slumping, until cured. In addition, it is desirable 
that the phosphor layers withstand operating tempera- 
tures exceeding about 120*^0 for long periods of time 
without change in their chemical or physical properties. 
Epoxies, urelhanes, and similar organic resins, for ex- 

20 ample, are unsuitable for use in the phosphor layers, 
because at temperatures exceeding about 120^0 they 
oxidize and become yellow. The yellow organic resins 
then absorb blue light emitted from the LED, degrading 
the performance of the device. The apparent color of a 

25 device intended to emit white light, for example, would 
shift toward yellow as the organic resins oxidized. 
[0024] A luminescent stenciling composition suitable 
for use in accordance with an embodiment of the 
present invention is prepared as follows. First, a phos- 

30 phor powder is mixed with a conventional curable sili- 
cone polymer composition. The curable silicone poly- 
mer composition includes at least one polymer having 
a chemical structure that includes alternating silicon and 
oxygen atoms (a silicone polymer), and optionally In- 

35 eludes a curing agent such as a catalyst that catalyzes 
cross-linking of silicone polymers or a photopoiymeriza- 
tion initiator. The curable silicone polymer composition 
is preferably substantially nonabsorbing and nonscat- 
tering (optically clear) for wavelengths of light from 

^0 about 400 nm to about 600 nm. The uncured stenciling 
composition should have a viscosity greater than about 
1 ,000 centistokes if it is to retain its stenciled shape until 
It is cured, and if the phosphor particles are to remain in 
suspension rather than sediment out, but less than 

45 about 20,000 centistokes If It Is to be easily stenciled. 
Consequently, the curable silicone polymer composition 
preferably has a viscosity, before curing, of about 1 ,000 
centistokes to about 20,000 centistokes. In addition, the 
curable silicon polymer composition preferably has a re- 

so fractlve Index greater than about 1.45, in order to in- 
crease the efficiency with which light is coupled out of 
the LED and out of the phosphor particles into the sten- 
ciling composition. Also, the curable silicone polymer 
composition is preferably stable as a riquld at roomtem- 

55 perature until cured to a solid state by, for example, heat- 
ing or exposure to ultraviolet light. 
[0025] Suitable curable silicone polymer composi- 
tions are commercially available. In one implementa- 
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tion, for example, the curable silicone polymer compo- 
sition is a conventional two part themially curable sili- 
cone polymer composition, available from Nye Lubri- 
cants, Inc. of Fairhaven. Massachusetts, having a vis- 
cosity of about 1300 centistokes and curing in about 1 0 
minutes at 1 0O^C and in about two weeks at room tem- 
perature. 

[0026] In one implementation, the phosphor powder 
mixed with the conventional curable silicone composi- 
tion Is a powder of (Y,Gd)3Al50i2:Ce (gadolinium and 
cerium doped yttrium aluminum garnet) particles avail- 
able as product number QUMK58/F from Phosphor 
Technology Ltd., Nazeing, Essex, England. Particles of 
this phosphor material have a typical diameter of about 
1 micron (^.m) to about 5 jjjn, absorb light of wave- 
lengths from about 430 nanometers (nm) to about 490 
nm, and emit light in a broad band from about 510 nm 
to about 610 nm. The color of light emitted by an LED 
having a stenciled phosphor layer is determined, in pari, 
by the concentration of phosphor particles in the lumi- 
nescent stenciling composition. Typically, the phosphor 
particles are mixed with the curable silicone polymer 
composition at concentrations ranging from about 20 
grams of phosphor particles per 1 00 grams of silicone 
polymer composition to about 1 20 grams of phosphor 
particles per 1 00 grams of silicone polymercomposition. 
[0027] In one embodiment, titanium dioxide particles 
are also dispersed in the silicone polymer composition 
at a concentration of about 1 ,5 grams of titanium dioxide 
per 1 00 grams of silicone polymercomposition to about 
5.0 grams of titanium dioxide per 100 grams of silicone 
polymer composition. The titanium dioxide particles, 
which are approximately the same size as the phosphor 
particles, increase the scattering of light emitted by ac- 
tive region 14 and thus increase the absorption of that 
light by the phosphor particles. The overall conversion 
efficiency of the LED declines, however, with increasing 
titanium oxide concentration. 

[0028] Next, after the phosphor particles and optional 
titanium dioxide particles are mixed with the curable sil- 
icone composition, finely divided silica particles are dis- 
persed in the mixture to form a thixotropic gel. A thixo- 
tropic gel exhibits thixotropy, i.e., an apparent drop in 
viscosity when subjected to shear and a return to the 
original viscosity level when the shear force is removed. 
Consequently, a thixotropic gel behaves as a fluid when 
shaken, stirred, or otherwise disturbed and sets again 
to a gel when allowed to stand. Thus, a luminescent 
stenciling composition prepared in accordance with an 
embodiment of the present invention behaves as a fluid 
as it is stenciled onto an LED, but forms on the LED a 
phosphor containing layer that, if undisturbed, retains 
its shape after the stencil has been removed. 
[0029] In one embodiment, the silica particles are par- 
ticles of fumed silica, a colloidal form of silica made by 
combustion of chlorosilanes in a hydrogen-oxygen fur- 
nace. Fumed silica is chemically and physically stable 
at temperatures exceeding 120**C, transparent to visible 



light, and will Impart satisfactory thixotropic properties 
to the luminescent stenciling composition at compara- 
tively low concentrations. The grade of fumed silica 
used is chosen to be compatible with non-polar materi- 
5 als. In one implementation, the fumed silica is M-5P 
grade CAB-O-SIL® untreated amorphous fumed silica 
obtained from Cabot Corporation of Boston, Massachu- 
setts. This grade of fumed silica is hydrophobic and t»as 
an average surface area per unit mass of 200 ± 15 m2/ 

10 g. The M-:5P grade fumed silica particles are dispersed 
in the mixture of phosphorparticles and silicone polymer 
composition with a conventional three roll mill at con- 
centrations of about 1 .5 grams of fumed silica per 1 00 
grams of silicone polymer composition to about 4.5 

15 grams of fumed silica per 1 00 grams of silicone polymer 
composition. As the concentration of fumed silica is in- 
creased, the stenciling composition becomes more thix- 
otropic, i.e., more solid-like as an undisturbed gel. 
[0030] Other implementations use fumed silica hav- 

20 ing a surface area per unit mass either greater than or 
less than 200 ± 15 m2/g. For fixed concentrations of 
fumed silica, stenciling compositions become more thix- 
otropic as the surface area per unit mass of the fumed 
silica is Increased. Thus, fumed silicas having lower sur- 

25 face area per unit mass must be used at higher concen- 
trations. The required high concentrations of low surface 
area per unit mass fumed silicas can result in stenciling 
compositions having viscosities that are too high to be 
easily stenciled. Consequently, the fumed silica pref er- 

30 ably has a surface area per unit mass greaterthan about 
90 m^/g. In contrast, as the surface area per unit mass 
of the fumed silica is increased, the required concentra- 
tion of finned silica decreases, but the fumed silica be- 
comes more difficult to disperse in the silicone polymer 

35 composition. 

[0031] Figure 5 illustrates a superposition of a typical 
measured profile of a stenciled phosphor containing lay- 
er 30A and a profile of a typically oriented flip chip ge- 
ometry LED 2A disposed on a top surface 3 of a sub- 

40 strata. For convenience, like reference numbers are 
used for same parts in the measured profiles of Figure 
5 and the schematic Illustration of Figure 4. Phosphor 
containing layer 30A illustrated in Figure 5 was formed 
as described above with a luminescent stenciling com- 

45 position including a curable silicone polymer composi- 
tion having a viscosity of about 1300 centistokes, (Y, 
Gd)3Al50.,2:Ce phosphor particles at a concenlrallon of 
about 70 grams of phosphor particles per 1 00 grams of 
silicone polymercomposition, and fumed silica particles 

so having a surface area per unit mass of 200 ± 15 m^/g 
at a concentration of about 3.5 grams of fumed silica 
particles per 1 00 grams of silicone polymercomposition. 
The profile of phosphor layer 30A was measured using 
a conventional tool maker's microscope. The typical ori- 

55 entation of LED 2A was established by measuring, with 
a conventional profilometer, the profiles of several un- 
coated LEDs conventionally mounted on a silicone sub- 
strate. 
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[0032] As in the schematic illustration of Figure 4, 
phosphor layer 30A in Figure 5 is of substantially uni- 
form thickness and substantially conforms to the shape 
of LED 2A. In particular, top and side surfaces 38, 40 
and 42 of phosphor layer 30A are substantially parallel s 
to top and side surfaces 32, 34, and 36, respectively, of 
LED 2A. In addition, phosphor layer 30A in Figure 5 ex- 
hibits bulge 44 and tall 46 which fonm as or after the 
stenclj Is removed but befoffe the luminescent stenciling 
composition is cured. Dimensions denoted by letters io 
A-E are: A -90 jj.m, B -60 |im, C -30 \im, D —80 \im, 
E -1.31 millimeters (mm). Dimensions A-E are typically 
reproducible to ± 5%. Dimension B is reproducible to ± 
2%, ± 12 fim overall, if the stenciling process is imple- 
mented with a stenciling machine equipped with auto- is 
matic pattern recognition software. 
[0033] The concentration and grade of fumed silica 
used in the stenciling composition from which phosphor 
layer 30A illustrated in Figure 5 was fonmed were cho- 
sen to minimize bulge 44 and tail 46. If the concentration 
of fumed silica in the stenciling composition were in- 
creased, then the height of bulge 44 would increase and 
the length of tail 46 would decrease. Alternatively, if the 
concentration of fumed silica were decreased, then the 
height of bulge 44 would decrease, the length of tail 46 25 
would increase, and sides 40 and 42 of phosphor layer 
30A would slump such that dimension B was much 
smaller near top 32 of LED 2A than near substrate 4, 
and dimension A was much smaller near the edges of 
top 32 than near the center of top 32. 3o 
[0034] Referring to Figure 6. in another embodiment 
an optically transparent layer 48 Is deposited on and 
around LED 2A, for example, prior to the deposition of 
stenciled phosphor containing layer 30A. In one imple- 
mentation, optically transparent layer 48 is formed using 35 
the stenciling process discussed above from an optically 
transparent stenciling composition. A suitable optically 
transparent stenciling composition is prepared in essen- 
tially the same manner as the luminescent stenciling 
composition described above, but without the addition 40 
of phosphorparticles. Optically transparent layer 48 has 
a thickness of about 45 |xm to about 80 Both opti- 
cally transparent Iayer48 and phosphorcontaining layer 
30A are of substantially uniform thickness and substan- 
tially conform to the shape of LED 2A. 45 
[0035] While the present invention Is illustrated with 
parlicular embodiments, the invention is intended lo in- 
clude all variations and modifications falling within the 
scope of the appended claims. For example, the lumi- 
nescent stenciling composition can include semlcon- so 
ductor nanocrystals and/or dye molecules in addition to 
or instead of phosphor, particles. 



Claims 55 

1 . A light emitting device comprising: 



a stack of layers including semiconductor lay- 
ers comprising an active region; and 
a luminescent material containing layer having 
a substantially unifomn thickness disposed 
around at least a portion of said stack; 

wherein a surface of said luminescent mate- 
rial containing layer not adjacent to said stack sub- 
stantially confonns to a shape of said stack. 

2. The light emitting device of Claim 1, wherein said 
luminescent material containing layer comprises at 
least one silicone polymer. 

3. The light emitting device of Claim 1 , wherein said 
luminescent material containing layer comprises 
silica particles. 

4. The light emitting device of Claim 3, wherein said 
silica particles are fumed silica particles. 

5. The light emitting device of Claim 1 , wherein said 
luminescent material containing layer comprises 
phosphors that convert light of a wavelength emit- 
ted by said active region to at least another wave- 
length. 

6. The light emitting device of Claim 5, wherein said 
phosphors comprise yttrium aluminum gamet 
doped with gadolinium and cerium. 

7. The light emitting device of Claim 1 , wherein said 
active region emits blue light, and wherein said lu- 

. minescent material containing layer includes phos- 
phors that convert a portion of said blue light to light 
combinable with a remaining portion of said blue 
light to produce white light. 

8. The light emitting device of Claim 1 , further com- 
prising an optically transparent layer disposed be- 
tween said luminescent material containing layer 
and said stack. 

9. A light emitting device comprising: 

a stack of layers including semiconductor lay- 
ers comprising an active region; and 
a luminescent material containing layer having 
a substantially unifonn thickness disposed 
around at least a portion of said stack, said lu- 
minescent material containing layer comprising 
a silicone polymer, fumed silica particles, and 
phosphors; 

wherein a surface of said luminescent mate- 
rial containing layer not adjacent to said stack sub- 
stantially conforms to a shape of said stack. 
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10. A method for forming a luminescent layer on a light 
emitting semiconductor device, the method com- 
prising; 

positioning a stencil on a substrate such that a 
light emitting semiconductor device disposed 
on said substrate is located within an opening 
in said stencil; 

depositing a stenciling composition Including 
luminescent material in said opening; 
removing said stencil from said substrate; and 
curing said stenciling composition to a solid 
state. 

1 1 . The method of Claim 1 0, wherein said opening sub- 
stantially conforms to a shape of said light emitting 
semiconductor device. 

12. The method of Claim 10, wherein a depth of said 
opening is about equal to a sum of a height of said 
light emitting semiconductor device and a thickness 
of said luminescent layer. 

13. The method of Claim 10, wherein a width of said 
opening is about equal to a sum of a width of said 
light emitting semiconductor device and twice a 
thickness of said luminescent layer. 

14. The method of Claim 10, wherein said stenciling 
composition comprises fumed silica particles and at 
least one silicone polymer. 

15. The method of Claim 14, wherein said fumed silica 
particles have a ratio of surface area per unit mass 
greater than about 90 m^/g. 

16. The method of Claim 14, wherein said silicone pol- 
ymer has a viscosity of about 1 ,000 centistokes to 
about 20,000 centistokes. 

17. The method of Claim 10, further comprising: 

positioning said stencil such that each one of a 
plurality of light emitting semiconductor devices 
disposed on the substrate is located within a 
corresponding one of a plurality of openings in 
the stencil; and 

depositing the stenciling composition in each of 
said openings. 

18. A luminescent stenciling composition comprising: 

an optically clear silicone polymer; 
phosphor particles; and 
silica particles; 

wherein said phosphor particles and said sil- 
ica particles are dispersed in said silicone polymer. 



19. The luminescent stenciling composition of Claim 
18. wherein said silicone polymer has a viscosity of 
about 1 .000 centistokes to about 20,000 centis- 
tokes. 

5 

20. The luminescent stenciling composition of Claim 
1 8, wherein a concentration by weight of said phos- 
phor particles \h about 1:5 to about 1:0.8 with re- 
spect to said silicone polymer 

10 

21. The luminescent stenciling composition of Claim 
18, wherein said phosphor particles comprise yt- 
trium aluminum garnet doped with gadolinium and 
cerium. 

15 

22. The luminescent stenciling composition of Claim 
1 8, wherein said silica particles are fumed silica par- 
ticles. 

20 23. The luminescent stenciling composition of Claim 
22, wherein said fumed silica particles have a ratio 
of surface area per unit mass greater than about 90 

m2/g. 

25 24. The luminescent stenciling composition of Claim 
22, wherein a concentration by weight of said fumed 
silica particles is about 1 :70 to about 1 :20 with re- 
spect to said silicone polymer. 

30 
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